development of novel therapies and help to predict sensitivity to anticancer drugs. [13] [14] [15] Recently, the exome of small intestinal neuroendocrine tumors was analyzed by massive parallel sequencing, but no actionable genomic alterations were identified. 16, 17 Expression profiling represents an alternative strategy to obtain a molecular classification of tumors that would predict patient outcome and response to therapy. 18, 19 In this study, we have extended the molecular characterization of small intestinal neuroendocrine tumors by defining the transcriptome of tumors from patients treated at a single center and with long-term follow-up. Expression profiles from these patients allowed us to identify clinically relevant subgroups of tumors and gene expression associated with tumor grade, cytogenetic alterations and patient survival. Novel targets for therapeutic intervention were also identified and evaluated on neuroendocrine tumors cells in vitro.
Materials and methods

Patients
Thirty-seven patients who underwent surgery for small intestinal neuroendocrine tumors (ileal carcinoids) at Sahlgrenska University Hospital, Göteborg, Sweden between 1991 and 2009 were included in the study. Tumors from 33 patients were subjected to expression profiling. These patients have been described in a previous study. 20 Tumor samples from four additional patients were included in the validation experiments. All patients were diagnosed with neuroendocrine tumors of the distal ileum and had metastatic disease at the time of diagnosis (TNM stage IIIB or IV). All tumors were well differentiated by morphological criteria, including organoid growth pattern, light to moderate cellular atypia and low mitotic counts. Tumors were of enterochromaffin cell type, with strong staining for chromogranin A, synaptophysin and serotonin. Table 1 . We obtained consent from the patients and approval from the Regional Ethical Review Board in Gothenburg, Sweden for the use of clinical material for research purposes.
Comparative Genomic Hybridization Microarray
Tumors from all the patients and the GOT1 cell line were analyzed with respect to somatic copy number alterations using comparative genomic hybridization and oligonucleotide arrays (Agilent Technologies, Palo Alto, CA, USA) as previously described. 20 
Expression Microarray
Ten patients from the previously reported cohort of small intestinal neuroendocrine tumors 20 were excluded because of lack of high-quality mRNA (n = 6) or poor quality of array hybridization experiments (n = 4). Tumor biopsies from the remaining 33 patients (10 primary tumors, 2 lymph node metastases and 21 liver metastases) were included in the study. The purity of tumor biopsies was assessed by light microscopy using hematoxylin and eosin-stained sections and was shown to be in the 60-90% range. Biopsies of normal small intestinal mucosa from 10 patients who underwent surgery for colorectal carcinomas were used as controls. Control biopsies were confirmed to contain normal small intestinal mucosa by light microscopy (Supplementary Figure S1) . The GOT1 cells line was included for comparison, and was cultured as described below. RNA was isolated from fresh-frozen specimens and cell cultures using the miRNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. The quality of extracted RNA was examined by visual inspection after gel electrophoresis using Agilent 2100 Bioanalyzer (Agilent Technologies). Extracts with degraded RNA were excluded. cDNA synthesis, labeling and hybridization were performed according to the One-Color Microarray-Based Gene Expression Analysis protocol v5.7 (Agilent Technologies). Labeled samples were hybridized to 4 × 44K Whole Human Genome Microarrays (G4112F, design ID: 014850, Agilent Technologies). Arrays were scanned using the Agilent G2565BA Microarray Scanner (Agilent Technologies). Images were read and processed using Feature extraction v10.7.1.1 (Agilent Technologies). Expression data are available according to the MIAME standard at the Gene Express Omnibus database (http://www.ncbi.nlm.nih. gov/geo/) with accession number GSE65286.
Statistical Analysis
The expression microarrays were analyzed using R software v2.13.0 (www.r-project.org) and the LIMMA package. 21 The microarrays were background-corrected using the normexp method and normalized using the quantile-quantile method. 22, 23 Differentially expressed genes were identified using linear models and ranked according to the moderated t-statistic. P-value adjustment for multiple testing was done using Benjamini-Hochberg false discovery rate. 24 Cluster analysis of gene expression profiles was done using hierarchical clustering with complete linkage and the Euclidean distance metric. Survival analysis was done using Kaplan-Meier analysis in combination with log-rank tests or using the Cox proportional hazards model, adjusting for gender and age. For the Cox model, significant parameters were statistically assessed using Wald tests. Predicted drug targets, upstream regulators, canonical pathways and biological functions were identified using QIAGEN Ingenuity Pathway Analysis (IPA ® , QIAGEN; www.qiagen.com/ingenuity). 25 Student's t-test was used to assess significance of differences in gene expression measured by qPCR (validation experiments).
Quantitative Real-Time PCR (qPCR)
RNA extraction from tumor tissue was performed as described above. cDNA was synthesized using the High Capacity RNA-to-cDNA Kit (Life Technologies). mRNA expression levels were analyzed using predesigned TaqMan Gene Expression Assay (Life Technologies):
(Hs00977732_m1), POC1A (Hs00248813_m1) and PTTG1 (Hs00851754_u1). The PCR reactions were performed using a 7500 Fast Real-Time PCR System (Applied Biosystems). The samples were analyzed in duplicate. The levels of mRNA expression are reported relative to those of the two housekeeping genes GAPDH and HPRT1.
Immunohistochemistry
Formalin-fixed, paraffin-embedded tumor material was studied by immunohistochemistry. Sections (3-4 μm) were placed on positively charged glass slides and 
anti-POC1A (HPA040600, Sigma Aldrich) and anti-PTTG1 (ab3305, Abcam). Stained sections were evaluated using light microscopy. For cytoplasmic and/or membranous labeling, sections were evaluated visually and tumors considered positive if 410% of tumor cells were labeled. For nuclear labeling, manual counting was performed on printed images and the percentage of labeled tumor cell nuclei calculated.
In Vitro Experiments with GOT1 Cells
The GOT1 cell line, derived from a patient with metastatic small intestinal neuroendocrine tumor, was maintained under culture conditions previously described. 26 These cells were treated with 0-10 μM cabozantinib, MK-2206, P276-00, regorafenib, sorafenib, sunitinib, veliparib, vorinostat or 0-5 μM alvespimycin (Selleck Chemicals) for 4 days. All drugs were dissolved in DMSO. The viability of GOT1 cells was measured using AlamarBlue ® (Molecular Probes) according to the manufacturer's instructions. Three experiments were performed independently in triplicate.
Results
Somatic Copy Number Alterations in Small Intestinal Neuroendocrine Tumors
All small intestinal neuroendocrine tumors had somatic copy number alterations, ranging from 1 to 21 per tumor. The average number of alterations per tumor was 8.0, with losses being more common than gains. The most frequent alteration was loss of chromosome 18, which was observed in 24 of 37 tumors (65%). The most frequent gains occurred on chromosomes 4, 5, 7, 14 and 20, affecting 19 out of 37 tumors (51%). Loss of CDKN1B was observed in three tumors (8%). Grade 1 tumors frequent had loss of chromosome 18 (21/25), whereas grade 2 tumors frequently had gain of chromosome 14 (7/11). The grade 3 tumor also had gain of chromosome 14, as well as gains on chromosomes 4, 5 and 20. A summary of frequent somatic copy number alterations in tumor biopsies is given in Figure 1 . The GOT1 cell line had 21 copy number alterations, all of which were losses, including loss on chromosome 18. GOT1 cells had no loss of CDKN1B. Full information on alterations in GOT1 cells is given in Supplementary Table S1 . Table S1 ).
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Gene Expression Profiles of Tumor Clusters
We analyzed the global gene expression profiles of tumor clusters by comparing the gene expression of each cluster with that of normal small intestinal mucosa. The most upregulated genes in clusters A and B contained a high proportion of genes related to neurosecretory function and formation of cellular protrusions, whereas the most upregulated genes in cluster C contained a high proportion of genes associated with angiogenesis and cytoskeletal organization (Supplementary Tables S2-4) . IPA predicted REST (inhibited), PHF21A (activated) and NEUROD1 (activated) as upstream regulators in clusters A and B, whereas FGF2 (activated) was the most significant upstream regulator in cluster C (Supplementary Table  S5 ). REST, PHF21A and NEUROD1 regulate neuronal and enteroendocrine cell differentiation. We therefore compared tumor clusters with respect to neuroendocrine marker genes and found the highest expression of these genes in cluster A, followed by cluster B and cluster C (Figure 2c ). Next, we analyzed the gene expression profiles of tumor clusters (excluding small intestinal mucosa) by performing a pairwise comparison of clusters. Comparison of cluster A and cluster B predicted TGFB1 and HRAS as the most significantly activated upstream regulators in cluster B (Figure 2d) .
Comparison of cluster A and cluster C predicted NUPR1 as the most significantly activated upstream regulator in cluster C (Figure 2e ).
Tumor Grade is Associated with Altered Expression of Genes Related to Proliferation and Microenvironment
In order to obtain information on the molecular alterations associated with tumor grade, we compared the expression profiles of grade 1 tumors with those of grade 2/3 tumors. A total of 70 genes were differentially expressed between the two groups (adjusted P-value o0.05). A substantial proportion of the genes were involved in different steps of tumor cell replication, whereas other genes were related to the interaction between tumor cells and their microenvironment (Figure 3a) . Pathway analysis predicted activation of several upstream regulators in grade 2/3 tumors, which promote cell cycling. The most significant upstream regulator, however, was prostaglandin E receptor 2 (PTGER2), which mediates proinflammatory signals and stimulates tumor growth and invasion (Figure 3b ). Pathway analysis was used to generate a regulatory network including CCND1, CSF2, Vegf and HGF, which together explained the growth-promoting effects of differentially expressed genes in grade 2/3 tumors (Figure 3c ). Patient survival was significantly longer for grade 1 tumors. These tumors showed a higher degree of neuroendocrine differentiation, as indicated by higher expression of marker genes (Figures 3d and e) .
FOXM1 Expression is Upregulated in Small Intestinal Neuroendocrine Tumors Carrying Gain of Chromosome 14
We have previously shown that small intestinal neuroendocrine tumors carrying chromosomal gains, notably gain of chromosome 14, have worse prognosis (Supplementary Figure S3) . 20 To extend the molecular characterization of these tumors, we compared the expression profiles of tumors with gain of chromosome 14 to those of tumors with no gain of chromosome 14. Altogether, 181 genes were differentially regulated between the two tumor groups (adjusted P-value o 0.05). Regulated genes were distributed over all chromosomes, with only two significantly upregulated genes located on chromosome 14 (HECTD1 and STYX). Differentially expressed genes were involved in cell cycle progression, mitotic spindle formation, apoptosis, DNA 
Identification of Gene Expression Related to Patient Survival in Small Intestinal Neuroendocrine Tumors
The molecular mechanisms underlying the aggressive behavior of small intestinal neuroendocrine tumors are largely unknown. In order to identify these mechanisms, we compared gene expression values in individual tumor biopsies with patient survival using a Cox proportional hazards model. Analysis of expression profiles from all 33 tumors identified 168 genes associated with patient survival (adjusted P-value o 0.12) (Figure 5a ). Only two of the genes (BIRC5 and CDKN1B) have previously been reported to be prognostic markers for small intestinal neuroendocrine tumors, 27-29 whereas 31 genes have been reported to be prognostic markers in other malignancies. In order to identify gene expression that contributes to shorter survival in tumors of cluster B, grade 2/3 and gain of chromosome 14, we compared survival-related genes with differentially regulated genes in these subgroups (Figure 5b ). There was a substantial overlap of survival-related genes with differentially expressed genes in these subgroups (49 of 168), frequently genes related to cell proliferation and apoptosis ( Figure 5c ).
Prediction of Therapeutic Targets in Small Intestinal Neuroendocrine Tumors
There have been no known genomic alterations that would predict the therapeutic response in small intestinal neuroendocrine tumors. We therefore searched expression profiles for signaling pathways that may be targeted for therapy. We interrogated the most upregulated genes in tumors relative to small intestinal mucosa for corresponding anticancer drugs that are currently in clinical trials. Analysis including all tumors identified a total of 16 candidate targets, including G protein-coupled somatostatin receptor 2 (SSTR2), receptor tyrosine kinases (RET, FGFR1/3, PDGFRB and FLT1), the growth factor VEGFB, nuclear kinases (CDK4/9), the transcriptional regulator HDAC5, molecular chaperones (HSP90AA1 and HSP90AB1), the signal transduction molecule AKT3 and the DNA repair enzyme PARP1 (Table 3) . When tumor clusters were analyzed separately, we identified a distinct set of candidate targets for each cluster (Supplementary Figures S5;  Supplementary Tables S6-8 ). Seven candidate targets were highly expressed in all three clusters, including SSTR2, which had significantly higher expression in cluster A (Supplementary Figure S6) . When grade 1 tumors and grade 2/3 tumors were analyzed separately, the majority of candidate targets were represented in both groups (Supplementary Figure S8 ; Supplementary Table S9) . A selection of predicted anticancer drugs was evaluated on neuroendocrine tumor cells in vitro. We chose the GOT1 cell line as model system because it was derived from a metastatic small intestinal neuroendocrine tumor. The validity of the GOT1 cell line was supported by the presence of copy number alterations typical of small intestinal neuroendocrine tumors (loss on chromosome 18) and high expression of marker genes (CHGA, SYP, VMAT1, TPH1 and SSTR2) (Supplementary Figure S8) . Furthermore, we found that GOT1 cells expressed all candidate drug targets identified in tumor biopsies ( Table 3) . Evaluation of tyrosine kinase inhibitors sorafenib, sunitinib, regorafenib and cabozantinib, which inhibit candidate targets RET, FGFR1, PDGFRB and FLT1, showed significant inhibition of GOT1 cell growth with IC 50 values in the micromolar range. Inhibitors of AKT (MK-2206), HDAC (vorinostat), HSP90 (alvespimycin) and CDK4/9 (P276-00) also effectively inhibited GOT1 cell growth, whereas inhibition of PARP1 (veliparib) had no effect ( Figure 6 ).
Discussion
We have defined the transcriptome of small intestinal neuroendocrine tumors and shown that tumors can be divided into distinct groups based on their gene expression profiles. Major differences in expression profiles were identified between tumor groups, involving a substantial number of signaling pathways. We found that transforming growth factor beta (TGFB1), a master regulator of epithelial- Figure 4 Gene expression profiles of small intestinal neuroendocrine tumors carrying gain of chromosome 14. (a) Differentially expressed genes in tumors with gain of chromosome 14 were frequently related to cell cycle progression and mitotic spindle formation (FOXM1, POC1A, ASPM, BIRC5, CEP164 and BBX), apoptosis (BIRC5, PPP2R2B and CALB1), DNA damage response (FOXM1, CEP164 and BBX), cell mobility (HECTD1 and CTTNPB2) and neuroendocrine function (CNGA3, CTTNBP2, RESP18 and CALB1). The 10 most upregulated genes (left) and downregulated genes (right) have been sorted by increasing adjusted P-values. Asterisks indicate genes localized to tumor cell by immunohistochemistry and confirmed to be differentially expressed by qPCR (Supplementary Figure S4) . logFC, log fold change. Profiling small intestinal neuroendocrine tumors mesenchymal transition and metastasis, 30, 31 was activated in a subset of tumors (cluster B), which was associated with shorter patient survival. We also found nuclear protein 1 (NUPR1), a chromatin binding protein regulating stress response and resistance to chemotherapy, 32 to be activated in another subset of tumors (cluster C). Significantly deregulated pathways in tumor clusters may indicate molecular mechanism involved in the formation of these tumors. The clinical relevance of identified tumor groups was evident, as cluster designation correlated to patient survival independent of tumor grade and stage. The clinical characteristics did not reveal any difference in age, gender or tumor stage between tumor groups. However, the two smaller groups (clusters B and C) contained a higher proportion of tumors with higher grade and chromosomal gains. Tumors in cluster C were the most heterogeneous with respect to tumor grade, containing the only grade 3 tumor in the study. The reason for this heterogeneity was not evident. However, unsupervised clustering divided tumors into groups based on similarities in their expression profiles. Tumors in cluster C shared a set of deregulated Figure 5 For caption see page 626.
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Profiling small intestinal neuroendocrine tumors E Andersson et al pathways, for example, activation of NUPR1, which were not involved in the regulation of cell proliferation. The relatively small number of tumors in cluster C precludes a definitive characterization of this cluster. Grading of neuroendocrine tumors provides information for prognostication and patient management. 8, 9 The current WHO grading system is based on an assessment of tumor cell proliferation, and classifies the majority of small intestinal neuroendocrine tumors as low proliferation neoplasms (grade 1). 5, 33 In order to identify the molecular alterations associated with tumor grade, we compared low-grade tumors to intermediate-and highgrade tumors and identified a small but distinct set of differentially expressed genes. Pathway analysis indicated activation of cell cycle regulators such as E2Fs, TBX1 and FOXM1 in intermediate-grade tumors, but no alterations directly involving p53. The most significantly activated regulator, however, was PTGER2, which promotes tumor cell proliferation as well as invasion and angiogenesis. 34 This finding was unexpected, and indicates that immune mechanisms are activated in tumors of higher grade. The observation may be exploited clinically, as COX2 inhibitors and selective PTGER2 inhibitors are available for targeting of PTGER2 in tumors. 34 Small intestinal neuroendocrine tumors are characterized by recurrent chromosomal alterations, the most frequent involving loss of chromosome 18. Chromosomal gains involving chromosomes 4, 5, 7, 14 and 20 are observed in a small proportion of tumors and have been associated with shorter survival. 20, 35 In order to further characterize tumors with gain of chromosome 14, we analyzed differentially expressed genes in this group and found FOXM1 to be the most significantly activated upstream regulator. FOXM1 is an oncogenic transcription factor promoting cell cycle progression and resistance to genotoxic drugs. 36, 37 Recently, a strong association between FOXM1 and metastases was reported for gastroenteropancreatic neuroendocrine tumors. 38 Therapies targeting FOXM1 are under way, and may be considered in the future. 39 The clinical course of patients with metastatic disease is difficult to predict. In this study, we identified a series of genes that were associated with patient survival, two of which (BIRC5 and CDKN1B) have previously been described in small intestinal neuroendocrine tumors. [27] [28] [29] The current WHO grading system for neuroendocrine tumors, which is used for prognostication, is based solely on an Figure 6 Predicted anticancer drugs inhibit the growth of neuroendocrine tumor cells. Multi-tyrosine kinase inhibitors sorafenib, sunitinib, regorafenib and cabozantinib effectively inhibit GOT1 cell growth with IC 50 values in the micromolar range. Inhibitors of AKT (MK-2206), HDAC (vorinostat), HSP90 (alvespimycin) and CDK4/9 (P276-00) also inhibited GOT1 cell growth at micromolar concentrations, whereas inhibition of PARP1 (veliparib) had no effect. GOT1 cells were treated with anticancer drugs at various concentrations for 4 days. Cell viability was estimated using AlamarBlue ® . Data points are the mean values of three individual experiments carried out in triplicate (n = 9). Fitting of curves was done in GraphPad Prism software v6.04 using log (inhibitor) vs response nonlinear fit with variable slope. IC 50 was interpolated at Y = 50 and bars denote ± s.d. estimation of tumor cell proliferation. 5 Our results indicate that prognostication could be further developed to include biomarkers that reflect other properties of tumor cells, including tumor-host interactions.
We searched expression profiles for novel therapeutic targets by comparing tumors with normal small intestinal mucosa. We chose intestinal mucosa as control because it represents the primary site of tumors. However, intestinal mucosa may not be optimal as control tissue because its content of endocrine cells is low, and the results from such a comparison must therefore be interpreted with caution. Based on this comparison, we were able to identify a number of candidate targets with corresponding anticancer drugs currently in clinical trials. Somatostatin receptor 2 (SSTR2), which can be targeted by long-acting somatostatin analogs, was found to be expressed in all tumors but had highest expression in tumors of cluster A. The efficacy of long-acting somatostatin analogs or radiolabeled analogs 7, 40, 41 may therefore be influenced by cluster designation. However, multiple factors, including receptor profile, tumor heterogeneity, affinity of analogs and choice of radionuclide, also influence the efficacy of somatostatin receptor targeted therapy and the relative importance of cluster designation remains to be determined. Components of proliferative pathways such as growth factors (VEGFB) and receptor tyrosine kinases (RET, FGFR1/3, PDGFRB and FLT1) were frequently identified as drug targets, and corresponding tyrosine kinase inhibitors were shown to effectively inhibit the growth of neuroendocrine tumor cells in vitro. Thus, receptor tyrosine kinases represent key signaling pathways, which control sustained tumor cell proliferation, 42 and targeting of these pathways appears to be a promising strategy in patients with metastatic disease. Inhibitors of transcriptional regulators (HDAC), molecular chaperones (HSP90) and signal transduction molecules (AKT3) were also found to effectively inhibit the growth of neuroendocrine tumor cells, but they have not yet been evaluated in clinical trials. These findings suggest that treatment with these inhibitors should be further evaluated.
